A reconfigurable coupled-resonator optical waveguide made of a few directly coupled ring resonators is employed to control the delay of data streams modulated at tens of gigabits per second. A delay of 8 bit lengths (1 optical byte) with a small pulse broadening and 1 dB/ bit fractional loss is achieved by using only eight rings. The limiting role of waveguide loss and spurious backreflections is experimentally investigated. The high storage efficiency (1 bit/ring) of the device enables an easy, reliable, hitless, and relatively low-powerconsuming management of the delay. A higher storage efficiency is demonstrated to be associated to an unavoidable higher pulse distortion. The control of a CROW delay line is strictly related to its storage efficiency, that is, the number of resonators employed to introduce a given delay. In this Letter, we investigate experimentally the fundamental limits to the storage efficiency of CROWs and the implications on signal quality. We demonstrate storage efficiencies exceeding 1 bit/RR with moderate pulse distortion, reporting also the first experimental observation (to our knowledge) of continuously tunable delays of 8 bit lengths (1 optical byte) in an integrated CROW.
Slow light is emerging as a promising approach for applications where the dynamic control of the delay is required, such as data synchronization, time multiplexing, and data storage [1] . In the scenario of slow-light devices, optical resonators exhibit advantageous features like on-chip integration; roomtemperature operation; no need for amplification, pumping or wavelength conversion; large bandwidth; and transparency to modulation formats. Although the smallest footprint and lowest group-velocity reduction have been demonstrated in photonic crystal (PhC) coupled-resonator optical waveguides (CROWs) [2] , delay tunability and performance of PhC-CROWs in a realistic transmission system have yet to be demonstrated. To date, a nice trade-off between delay tunability, loss, integration scale, and transmission performance is provided by ring resonators (RRs) in glass technologies. A CROW made of only six RRs in silicon oxynitride (SiON) technology was recently employed to continuously control the delay of 10 Gbits/ s data streams over more than 3 bit lengths with error-free transmission and hitless reconfiguration [3] .
The control of a CROW delay line is strictly related to its storage efficiency, that is, the number of resonators employed to introduce a given delay. In this Letter, we investigate experimentally the fundamental limits to the storage efficiency of CROWs and the implications on signal quality. We demonstrate storage efficiencies exceeding 1 bit/RR with moderate pulse distortion, reporting also the first experimental observation (to our knowledge) of continuously tunable delays of 8 bit lengths (1 optical byte) in an integrated CROW.
The delay of a CROW with N RRs can be controlled according to the scheme of Fig. 1 . As described in [3, 4] , a reflective configuration enables one to select the number M ͑M ഛ N͒ of open RRs where propagation is allowed, the state (open/locked) of every RR being changed by individually tuning the RRs' resonances. The i-th RR is locked when its resonant wavelength r,i is detuned from the signal carrier S by more than the CROW bandwidth B. When the RRs at the CROW input are locked, a signal incoming from the In port is not coupled to the CROW and is transferred to the Out port with a negligible delay. If the resonances of the first M RRs are set to S , the signal propagates inside the CROW until it is backreflected to the bus by the first ͑M +1͒ locked RR. In this way the CROW provides a digitally tunable de- [3]. All the RRs have the same optical length, with 570 m bending radius and free spectral range FSR = 50 GHz. The impedance matching between the CROW and the bus waveguide is achieved by optimizing the coupling coefficients of the RRs [5] in order to maximize light injection and avoid multiple round-trips in the CROW. The resonance of every RR is thermally controlled at less than 150 s speed by means of metallic heaters deposited onto the waveguides [4] . Heaters are spaced by 200 m to minimize thermal crosstalk between RRs.
The transmission of 100-ps-long pulses through a CROW with N = 8 and B = 6.25 GHz is shown in Fig.  2(a) . The power coupling coefficients K i between the (i-1)th and the ith RR are:
.055, with K 1 = 0.79 being the coupling between the first RR and the bus waveguide. When the RRs at the CROW input are locked ͑M =0͒, the output pulse experiences the minimum reference delay. By opening M = 4, 6, and 8 RRs, a delay of 400, 600, and 800 ps, respectively, is introduced, the latter corresponding to 8 bit lengths. Every RR provides up to T r = 100 ps delay, that is, S = 1 bit/ RR. The measured fractional loss L f = 1 dB/ bit is very close to the theoretical limit L f,min = ␣c / B b n g = 0.7 dB/ bit [3] fixed by waveguide loss, where n g is the waveguide group effective index and c is the vacuum light speed. Figure 2(b) shows all the pulses of Fig. 2(a) overlapped and rescaled. The Gaussian envelope is well preserved even after 8 bit delay, with only a small pulse broadening from 100 to less than 140 ps. Note that pulse broadening is not a distributed effect, but it is produced mostly at the input of the CROW, meaning that the main cause of such a broadening is not chromatic dispersion but the filtering effect due to the narrow bandwidth of the CROW ͑B / B b Ӎ 0.8͒.
Although dispersion has often been addressed as the main theoretical limit of CROWs [6] , our results suggest that, in a reflective CROW, loss is the most critical parameter. To avoid intersymbolic interference between optical pulses propagating through the CROW, the power of the delayed pulses must be well above the portion of the light (hereinafter referred to as spurious backreflection) that is reflected before the Mth open RR. If such condition is fulfilled, error-free transmission can be achieved [3] . Spurious backreflections can be originated by three different causes: (1) perfect impedance matching between two generic structures cannot be achieved over an arbitrarily wide band, but a minimum in-band reflection, referred to as return loss in filters nomenclature, must be tolerated (Fano-Bode theorem [7] ); (2) any kind of disorder (e.g., imperfections in the RRs resonances or coupling coefficients, waveguide roughness, etc.) generates backreflections [8] ; (3) a trade-off exists between a high S and off-band backreflections, because, if B b Ͼ B, the high-frequency components of the signal spectrum do not enter the CROW and are reflected. Note that these three contributions have different origins; the first one is a theoretical limit, disorder relates to fabrication quality and tuning accuracy, and off-band backreflection depends on the design and the management of the CROW. These effects are pointed out in Fig. 2(c) , where the pulse of Fig. 2(a) , delayed by 8 bit lengths (solid curve) is overlapped to the spurious backreflection (dashed curve). The impedance matching between the CROW and the bus makes the in-band return loss negligible ͑Ͻ1%͒, and so the spurious backreflection (about 7%) is mainly due to the off-band reflection, occurring on the leading and trailing time edge of the pulse. Thanks to the highly efficient injection into the CROW, the delayed pulse is 4 dB above the spurious backreflection, in spite of the 8 dB attenuation associated with the delay.
As suggested by Eq. (1), S increases with the ratio B b / B, this coming at the price of higher backreflections and signal degradation. To give an example, in Fig. 3 the transmission of a 16 bit data pattern (10101010-00000000) of 40-ps-long pulses (25 Gbit/ s non-return-to-zero) through a CROW with and 320 ps (8 bits, M = 6), respectively. Each RR gives about T r =54 ps ( S = 1.33 bit/RR), so that a delay of an entire byte length is obtained by only six RRs. Although a higher S introduces more pulse distortion than that observed in Fig. 2 , the delayed sequence can be clearly recognized, even after a 1-byte delay.
In Table 1 the figures of merit of the CROWs discussed in this work are compared to state-of-the-art integrated optical buffers based on RRs and working at 10 Gbit/ s. In both [9, 10] , all-pass filters (APFs) made of many RRs (N = 56 and 32, respectively) coupled to a common bus waveguide, were adopted. SOI buffers are extremely compact devices [9] and could operate at bit rates hardly achievable with glass technology, with reasonably low losses (L f Ͻ 0.5 dB/ bit at 100 Gbit/ s). Yet the reconfiguration of SOI APFs has yet to be demonstrated. To date, the lowest fractional loss is reported in [10] and comes from the very low loss of Hydex waveguides ͑0.15 dB/ cm͒. The main advantages of the proposed CROW are all related to the high S . First of all, it enables the use of few RRs to achieve the largest delay ͑8 bits͒, thus making the delay control easy, reliable, and moderately power consuming. Indeed, while the control of the delay of an APF requires the tuning of all the RRs of the device [10] , in a reflective CROW only two or three RRs need to be detuned, depending on the CROW finesse F = FSR/ B. For instance, in the case of Fig. 2 ͑F =8͒, two locked RRs (M + 1 and M + 2) are sufficient to reflect more than 99% of the pulse, while in a CROW with F = 50 only one RR could be detuned. Besides easing the device control, this property reduces also the electric power consumption; in the CROW of Fig. 2, 12 .5 mW/ GHz are needed to switch a RR from open to locked state [3] and the control of 1 byte delay is achieved with less than 500 mW. Finally, a high S makes the CROW footprint competitive to that of APFs fabricated on much higher index-contrast glass platforms (17% in Hydex) [10] , potentially supporting a higher integration scale.
To conclude, we reported the first experimental observation of continuously tunable delay of 8 bit lengths (1 optical byte) in an integrated CROW. The device introduces small fractional losses ͑1 dB/ bit͒ and moderate pulse broadening, thus preserving signal quality. The high storage efficiency ͑ S =1 bit/RR͒ makes the management of the delay easy and reliable and reduces both the power consumption and the device footprint. A high S brings an unavoidable higher pulse distortion. The main limit to the storage capacity is the relationship between loss and injection efficiency into the CROW. State-of-theart low-loss glass waveguides (e.g., TriPleX technology, ␣ Ͻ 0.05 dB/ cm [11] ) could be used to delay more than 180 bits at 10 Gbits/ s with less than N b L f,min = 17 dB attenuation, preserving 3 dB margin between the delayed pulse and the spurious backreflection [as in Fig. 2(c) ] for a 99% injection efficiency. Moreover, when delays of many bits are concerned, also dispersion effects are likely to arise and should be taken into account [6] .
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